Field trials were conducted to determine the economically optimum fertilizer rates for soybean production and for optimizing net profits in Dedza, Lilongwe and Salima Districts of Malawi. The effects of PK fertilizer rates on rain use efficiency (RUE), harvest index, agronomic use efficiency of phosphorous (AEP) and potassium (AEK), and value cost ratio (VCR) were evaluated. The applied diagnostic PK fertilizer rates significantly improved soybean grain yields, harvest index, rainwater use efficiency, AEP, AEK and returns to fertilizer use expressed as value cost ratio (VCR). However, the results differed significantly (P < 0.01) among the three agro-ecological zones. The VCR values indicated that the most economical and profitable fertilizer rate was 7.5 kg/ha P in Salima, Dedza and Lilongwe. The lowest economical and profitable NP fertilizer rate was 22.5 kg/ha P plus 20 kg/ha K for Dedza and Lilongwe and 15 kg/ha P plus 30 kg/ha K for Salima District. All the VCR values obtained from applying different PK fertilizer nutrient rates were above two implying that all the applied fertilizer rates had a good value of returns to adequately cover against any risks associated with using fertilizers at smallscale under smallholder farms with inadequate financial resources. The results also presented different available NP fertilizer application rate options for maximizing profits for the financially constrained smallholder farmers.
Introduction
Soybean (Glycine max (L.) Merr.) is one of the most important crops grown in Malawi and the crop is well adapted for production in almost all agro-ecological zones of the country. It is a source of food and income for most farmers in the country [1] . In addition, it provides many advantages in sustainable cropping systems [2] , including an ability to fix atmospheric nitrogen (N 2 ) via symbiotic N 2 fixation and, hence, alleviates the need to apply large amounts of nitrogen fertilizer [3] Although soybean crop is an important crop, its production under smallholder farms is still low with yields of 40% less (800 kg/ha) on average against the potential yield of 2000 -2500 kg/ha [4] . Research studies on improving soybean crop production have concentrated mainly on breeding work which has led to the release of high yielding improved soybean varieties. The current low grain yields of soybean under smallholder farms are due to a number of production challenges or constraints that include primarily poor soil fertility.
Currently, in Malawi there have been no economically recommended optimum fertilizer rates for soybean grain yield production in different agro-ecological zones. Existing fertilizer recommendations also focus mainly on food security crops such as maize and soybean has been neglected. Since soybean can fix nitrogen from the atmosphere through symbiotic relationship with rhizobium bacteria, it was assumed that soybean does not require much fertilizer for grain yield production. This means that there has been very little replacement of the nutrients such as P, K and micro-nutrients mined from the soil (i.e. removed through harvest). This has led to negative balance of the soil nutrient between what crops uptake from the soil and what is put back into the soil [5] .
Soil fertility status for the country shows that Malawi soils are highly weathered and low in OM, N, P, K and other micronutrients [6] . Consequently, there has been decrease in crop yield including soybean under farmers' field conditions. This calls for a need to use fertilizers to replace the depleted soil nutrients and to reverse the negative nutrient balance in the soil. Soybean has been mostly cultivated in the country without use of application of chemical fertilizers except use rhizobium inoculants to enhance nitrogen fixation. As such most critical nutrients such as P, K and micro-nutrients have never been supplied to soybean production to achieve optimum grain yields.
Work done by many researchers has shown non soybean grain yield response to applied N [7] [8] [9] . In Zambia and Nigeria there has been a mean soybean grain yield response of less than 100 and 30 kg/ha respectively due to applied N [7] . However, application of P and K has demonstrated to increase soybean grain yield and enhances soybean N fixation [10] . A mean soybean grain yield increase Zn and B respectively [7] . However, in Malawi there has been not much research work done looking at optimizing soybean grain yield response due to application of different fertilizer elements and rates.
The Malawi Government policy encourages uses of fertilizers to improve crop production in the country. However, the current fertilizer use by smallholder farmers in crop production to replace the depleted nutrients is still very low.
Currently less than 50% of smallholders in the country use fertilizer, and about 70% use less than 50 kg/ha [14] . The low fertilizer usage has been partly due to the prevailing poverty and constrained by their financial ability. Consequently, there has been declining soybean grain yield production per unit area below the potential soybean grain yields in the country. The other challenge is that the current fertilizer recommendations only assume that smallholder farmers have the ability to buy all the amounts of fertilizer to achieve the recommended fertilizer rates. It does not consider the smallholder farmers that are financially resource constrained and how best to optimize production and profits from their few available resources. However, from the available few resources the smallholder farmers have they can increase or maximize profits in soybean grain yield 
Materials and Methods

Study Sites
The Field trials were conducted both on-station and on-farm in Salima, Lilongwe and Dedza districts located in central region of Malawi. Salima District is located in the lake shore agro-ecological zone which lies between 200 to 700 m above sea level having semi-arid climate with monthly rainfall range from 0 to 339 mm, and mean monthly minimum and maximum temperatures range from 16˚C to 22˚C and 26˚C to 33˚C. The land is generally flat to gently undulating, with deep Fluvisols in the valleys and the shore lands of Lake Malawi. Lilongwe district is located in the mid-elevation which is between 760 and 1300 m above sea having a sub humid climate with monthly rainfall range of 1 to 221 mm; and minimum and maximum mean temperatures range of 8˚C to 17˚C and 24˚C to 30˚C, respectively [15] . The zone has predominantly shallow latosols in escarpments; deep well drained latosols in the plateau and poorly drained sand and clay soils in the valleys. Other important soil groups include Ferrasols, Luvisols, Lixisols Lithic and Leptosols [16] . Dedza District is located in the highlands with altitude of greater than 1300 m above sea level having a sub-humid climate with annual rainfall range of >1000 mm and minimum and maximum mean temperatures range of 9˚C to 16˚C and 19˚C to 25˚C, respectively. The analysed initial data for the physical and chemical properties of the soil for the three study districts are given in Table 1 .
Treatments and Experimental Designs
The trials were established both on-station and on-farm for 3 years during 2013 to 2016 crop growing seasons. There were 11 different fertilizer treatments of P and K as sole elements or in combination of different rates. For on-station trials treatment combinations in Table 2 were arranged in a randomized complete Table 2 , the first column means that only the amounts of P rates (kg/ha) were applied alone; the second column means P rates were applied in combination with 20 kg/ha K; third column means that the amount of K rates were applied in combination with 15 kg/ha P while for the last column of diagnostic means 15 kg/ha P was applied in combination with 20 kg/ha K, 15 kg/ha S, 2.5 kg/ha Zn, 10kg/ha Mg and 0.5 kg/ha B.
For the on-farm trials, there were 5 replicates and each farm with all the treatments was regarded as a single replication.
The plots consisted of 6 ridges of each measuring 6 m long and spaced at 0.6 m. The soybean seeds were planted on the ridges one seed per planting station spaced at 15 cm apart. All the trial plots were surrounded with 4 border rows to control the external sources of variations. The soybean plants were harvested from a net plot of 4 ridges each 4 m long.
Data Collection
Soil Data
Initial bulk soil samples were collected from the sites before land preparation. Soil samples were taken from 8 points across the field along each of the blocks (replicates). The samples were air dried, sieved using a 2 mm sieve and analyzed for particle size distribution, pH, organic carbon (OC), total N, exchangeable bases, exchangeable K, Ca, Mg and Na. All soil analyses were done by the soil laboratory ICRAF in Nairobi, Kenya.
Crop Data
The soybean grain yield data was collected by harvesting plants from a net plot of two central ridges of five meters long. Then 100 seeds were dried in an oven at 70˚C -80˚C for 24 hours for moisture content determination. In calculating the soybean grain yield the moisture content was adjusted to 12.5˚C. Thereafter, soybean grain yield for each plot was converted to kg/ha. From the same net plot, the other data collected included total plant biomass per hectare and plant stand count at harvest. The other collected data was the cost of inputs, crop commodity prices, rainfall and etc. The collected data was used to calculate several variables that included: harvest index (HI), changes in yield variables, rain use efficiency (RUE), agronomic efficiency of P (AEP) and K (AEK), economically optimum rates (EOR), value cost ratio (VCR) and economically optimal rates (EOR) were calculated using Microsoft excel. The following were the formulas used: 1) HI = Y/B where Y is the total grain yield per hectare and B is the total biomass per hectare; 2) AEX = Y/N where AEX is agronomic efficiency of X and X is either K or P; Y is the total grain yield per hectare and N is amount of either P or K applied per hectare; 3) RUE = Y/R where Y is the total grain yield per hectare and R is amount of rain received during the period of crop production [17] .
Statistical Analysis
Analysis of variance (ANOVA) was used to determine variation in yield due to ) y = a − bc N , where a is soybean yield at the plateau (i.e. expected maximum), b is the amplitude (the gain in soybean yield for applied nutrients), c is a curvature coefficient and N is the nutrient rate applied. The regression analyses for N rate effects included treatments with and without P separately. Then EORs were calculated using the OFRA fertilizer optimization tool developed by University of Nebraska, Lincoln in USA.
Rain use efficiency (RUE) which is the ratio of grain yield to seasonal total rainfall was calculated and used as proxy for water use efficiency (WUE). RUE has been suggested as a robust indicator of determining the crop productivity and land degradation in areas with limited moistures [18] . Therefore, RUE was used in this study as a metric for evaluating WUE.
Nutrient use efficiency by the soybean crop was assessed focusing on the agronomic efficiency of P (AEP) at fixed K rates and agronomic efficiency of K (AEK) at fixed P levels. AEP was calculated as a ratio of the increased crop output to the amount of P applied. AEK was calculated in the same manner as AEP.
Returns to fertilizer use were assessed using the value-cost ratio (VCR) because it is commonly used when evaluating the profitability of fertilizer use, especially when there unavailable data on full production costs. Hence, VCR was calculated as a ratio of value of increased crop output to the cost of fertilizer applied. A VCR ≥ 2 means a 100% return on the use of money spent in buying fertilizer and is adequate to guarantee investing in fertilizer [19] . Therefore, in this analysis VCR ≥ 2 was considered as a reasonable critical value for assessing the risk associated with use of fertilizers at the small scale of smallholder farms.
All analyses were done using the Statistix 10 (Analytical Software. Tallahassee).
Results and Discussion
Soybean Grain Yield and Harvest Index
Soybean grain yield responses to different fertilizer rates at different sites are given in Table 3 . The results show that there were significant soybean grain yield responses to fertilizer rates in the three sites (at Salima, P = 0.000; Dedza, P = 0.0098, and Lilongwe, P = 0.0068). The lowest soybean grain yield (<1352 kg/ha) response was obtained in the control in all the three districts. was applied with the yield difference of 651 kg/ha, 606 kg/ha and 491 kg/ha respectively. This means the rate of gave the optimum soybean grain yield response to applied fertilizers. The results are similar to what other researchers found in Uganda where the amount of 15 kg /ha P and 20 kg/ha K gave high increase in soybean yield [10] while in Nigeria only application of P contributed towards yield increase and not K [12] . The response of soybean to P application was due to low soil levels of P (Table 1) while the non-response to K in Dedza was due to low pH of the soil ( Table 1) .
The results on the soybean harvest index for the three districts are given in Table 4 . Harvest index did not significantly differ with treatment except on in Dedza district (P = 0.0014). Although not statistically significant there was an increase in harvest index with P and K application relative to the control. The highest harvest index increase was about 25% for fertilizer treatment of 20 kg/ha P plus 22.5 kg/ha K in Dedza, about 16% for fertilizer rate of 22.5 kg/ha P in Salima and about 10% for the rate of 15 kg/ha P plus 10 kg/ha K in Lilongwe districts. The increase in harvest index with increase in fertilizer addition indicates that the applied nutrient positively affected soybean yield production. Values of Change followed by *show that there were significant mean yield differences among the treatments and changes from the control according to Dunnett's test.
Rain Use Efficiency by Soybean
Rain use efficiency (RUE) results as affected by responses of soybean to different nutrient rate applications are given in Table 5 . The results indicate that there were significant differences in RUE with application of different nutrient rates in all the three districts. There was an increase in RUE by soybean crops with an increase in nutrient application among the treatments as compared with the control in all the three sites. The highest values of RUE obtained in the P rate of 22.5 kg/ha, and 20 kg/ha P plus 22.5 kg/ha K in Salima, 15 kg P/ha plus 10 kg/ha K in Dedza and 20 kg/ha P plus 22.5 kg/ha K in Lilongwe. This represents a 54%, 34% and 42% increase over the control in Salima, Dedza and Lilongwe, respectively. The increase in RUE was due to enhanced metabolic activities by the supplied nutrients to the soybean crop.
Agronomic Use Efficiency of Phosphorous and Potassium in Soybean
Results of agronomic use efficiency of P (AEP) in soybean grain yield production in given in Table 6 . In general, the results show significant soybean grain yield differences at P = 0.05 in all the three agro-ecological zones. In all the sites, the highest AEP values were obtained when the amount of applied P was 7.5 kg/ha. The PUS values were 213 kg grain/kg P, 216.86 kg grain/kg P and 57.84 kg Values of Change followed by *show that there were significant mean yield differences among the treatments and changes from the control according to Dunnett's test.
grain/kg P in Salima, Dedza and Lilongwe respectively. However, with increasing amount of P rate from 7.5 kg/ha to 22.5 kg P/ha, the AEP started to decrease at all sites as indicated by the negative soybean yield differences (Table 4) .
The results of agronomic use efficiency of potassium (AEK) in soybean grain yield production are given in Table 7 for the three agro-ecological zones. There were significant (P = 0.05) differences in AEK in all the three districts except for Agricultural Sciences Values of Change followed by *show that there were significant mean yield differences among the treatments and changes from the control according to Dunnett's test.
Lilongwe. The AEK decreased with an increased in the amount of K rates applied. The highest AEK was obtained in Salima and Dedza districts when the rate of applied K was 10 kg/ha and in Lilongwe when the rate of applied K was 20 kg/ha. However, the AEK values at optimum rates were 10 times higher in Salima and Dedza than those of Lilongwe. The differences could be ascribed to the variations in climatic and soil factors among the three agro-ecological zones.
Although the highest AEK in Lilongwe was obtained when 20 kg K/ha were applied, the increase in AEK was almost the same with the one obtained when 10 kg K/ha was applied in Lilongwe.
Return to Fertilizer Use
The results on profit returns to fertilizer use are given in Table 8 . Profit returns to fertilizer use significantly differed with treatments in all the three districts. Values of Change followed by *show that there were significant mean yield differences among the treatments and changes from the control according to Dunnett's test.
vidually or both with other nutrients on the most economical and profitable nutrient rates that a farmer can choose to apply. Table 9 gives the results of the soybean grain yield responses to P and K nutrients, a, b, and c coefficients of the soybean grain to plateau response curve, increase in soybean grain yield associated with increased changes in applied rates of nutrient (column 6 -9), EOR was calculated from the results of field trials (column 10 and 11) and the already recommended application rates of nutrient. The results indicate that soybean responded well to P and it was profitable in all the agro-ecological zones tested. There was economical responses of soybean to K application in all the agro-ecological zones except for highlands (>1300 m). The response of soybean grain yield to K application was reported in Uganda [10] and Kenya [20] . In case of the non response of soybean yield to K application was also reported in Nigeria which did not contribute towards increase in soybean grain yield [7] . The EOR for P were similar to the recommended rates for soybean however, for K they were not similar for all agro-ecological zones except for highland agro-ecological zone where they were same.
Economically Optimum Fertilizer Rates for Soybean in Three Agro-Ecological Zones
The soybean EOR recommendations was slightly higher than the recommended in highlands and within the recommended rates in mid and low agro-ecological zones. Soybean responses to applied P and K at different sites and across different seasons followed a typical curvilinear to plateau in Salima, Dedza and Lilongwe districts. There was a steep increase in soybean grain yield with an increase in low rates of applied P and K, followed by a lower rate of increase at higher rates of applied P and K, until reaching a plateau in the curve. The results indicate that for the financially able farmers they would usually want to continue applying nutrient until to the point where the value of incremental soybean grain yield is becoming the same with the cost of adding incremental rate of nutrient.
While for the financially constrained or limited smallholder farmers, they should try to apply nutrient rates in region where there is still increase in grain yield of soybean.
Net Returns with Relation to Applied Monitory Nutrient Value
The results of net returns with regard to the amount of money spent on the applied nutrients are given in Figure 1 . The results generally show that the amount of net returns increases with increase in amount of money spent on fertilizer nutrients applied and then reaches a point where it decreases with increased amount of money spent on nutrient inputs. It is also worthy to note that for financially constrained farmers can take advantage of this range to gain high profit from using nutrients. In the figure, the steeper the slope of the curve indicates the higher the net profit gained on investing in nutrient use. This means that when the amount of money invested on nutrients increases, the slope decreases until it reaches a peak and the slope becomes flat, and the reached point of maximizing profit per unit area. As the slope of the curve decline, it means the profit is also declining. In this case the financially constrained farmer should consider first using the nutrient combination that will be giving the most profit.
The trend of these results is similar to what was reported in Uganda [10] , Tanzania [21] , Kenya [20] and Malawi [22] . Therefore, Kaizzi and his colleagues [10] are suggesting that the farmers who do not have adequate financial resources should be taking advantage of the available chances of profits depending on their affordability. Then hopefully in return they can allocate some of the gained profits to more fertilizer use and slowly move from being constrained financially and eventually apply adequate optimum nutrients rates to all soybean land for maximum profit gain per unit area [5] .
Conclusion
The PK fertilizer rates including diagnostic significantly improved soybean grain yield production, net value of returns, harvest index, rainwater use efficiency and cost value ratio. The VCR values that were the most economical and profitable were for the fertilizer rate of 7.5 kg/ha P in Salima, Dedza and Lilongwe while the lowest economical and profitable NP fertilizer rate was 20 kg/ha K plus 22.5 kg/ha P for Dedza and Lilongwe and 15 kg/ha P plus 30 kg/ha K for Salima District. All the VCR values obtained from applying different PK fertilizer nutrient rates were above two implying that all the applied fertilizer rates had a good value of returns to cover against any risks associated in using fertilizers at smallholder farms. The results also presented different available PK fertilizer application rate options for maximizing profit returns for the financially constrained smallholder farmers.
